Abstract: In this paper we propose a circular path planning algorithm for a mobile robot using only monocular vision system. The proposed method reduces the size of image data obtained by CCD camera to improve the image processing speed and noise immunity. A circular path for obstacle avoidance of the mobile robot is determined by the position and size of obstacles. Velocity of the mobile robot is controlled to guarantee stable movement. We show performance of the proposed method through experiments on Pioneer2-DX.
INTRODUCTION
Navigation of an autonomous mobile robot in an unknown environment has been studied by a number of researchers in the past decades. Problems issued in the navigation are localization, path planning and motion control [1] . The path planning which enables mobile robots to move to the goal without colliding obstacles is the most important issue in the navigation problems.
Many path planning algorithms for optimal navigation of autonomous mobile robots have been introduced [1] [2] [3] [4] [5] . The APF (Artificial Potential Field) method generates paths using APF map which is made by the attractive potential field around the goal and repulsive potential field around the obstacles [2] [3] . This method generates the shortest path in complex environment with many obstacles, but it can not generate any path in U shape environment where the robot is surrounded by blocks in sides and front. The limit-cycle navigation method generates smooth path to avoid collision with obstacles. However this method may not guarantee its stability because of overlapping of limit-cycles with each other when the robot navigates in complex environment [4] [5] . ND (Nearness Diagram) navigation method can be used in complex environment but it may not be effective in simple environment with a few obstacles [6] .
Vision-based navigation of a mobile robot in unknown environment is a good solution. Since vision system has to deal with massive visual data, data reduction for real-time image processing is required. Reduction of image data yields improvement of image processing speed and noise immunity.
In this paper, we propose a circular path planning method to avoid obstacles detected using CCD camera mounted on the mobile robot. Image data is reduced by dividing them into groups of subset. A circular path which the mobile robot moves along is determined by the position and size of obstacles. In order to guarantee stable movement of the mobile robot, its velocity is controlled. We show performance of proposed method through experiments on Pioneer2-DX with a web camera.
VISION SYSTEM
Visual information for environment around mobile robot is obtained from the monocular camera mounted on the top of the mobile robot at an angle facing the floor as shown in Fig. 1 . The color image of 320x240 size obtained by camera is transformed into gray image shown in Fig. 2 . In order to reduce the size of gray image, a set of n n × pixels is mapped into one pixel by the following equation [7] . 
where ( )
is value of pixel in input image, ) , ( y x I is value of pixel in reduced image. 
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Sung-Min Han 1 and Kang-Woong Lee image processing speed is increased and influence of noise and light variance in image processing is decreased. As shown in Fig. 3 , binary image transformed from the reduced image separates obstacles and the ground. We find the nearest point from the mobile robot to an obstacle in binary image and divide the obstacle into two pieces on the basis of this point. The interesting point in image coordinate frame must be transformed to that in the robot coordinate frame as shown in Fig. 4 [8] . Assuming that all obstacles are on the ground, parameter α , β and θ in Fig. 4 is defined as follows:
where h is height from the camera to the ground, b x is distance of zone not to be measured by the camera, l x and l y are maximum distances of x-axis and y-axis which can be measured by the camera.
The position ) , ( y x P in the robot frame is represented by parameters α , β and θ : 
PATH PLANNING
In this section we propose circular path planning method avoiding obstacles and heading for the goal. Path planning must be simple to be processed fast and generate the optimal path to the goal. Moreover, in order for the mobile robot to move safely and fast, smooth path must be made. Circular path planning is to determine radius of the circle which is the moving trajectory of the mobile robot and is decided from the direction of mobile robot and the position of obstacles. Without obstacles in front of the mobile robot, optimal path is a straight line from the mobile robot to the goal.
When heading of the mobile robot is not a direction of destination, the mobile robot moves along a circular path until it heads for the direction of destination. In this case, in order to select an adequate circular path, we choose a virtual goal which is located between the mobile robot and the real goal. Then a circular path is determined to pass through the virtual goal as shown in Fig. 5 . 
In order to avoid obstacles in front of the mobile robot, it can move to left or right side of front or back of obstacles as shown in We must select the optimum path among circular paths generated by (12), (13), (14) and (15).
Define the error given by 
Then the circle with minimum error is selected as optimum path as shown in Fig. 8 . 
VELOCITY CONTROL
In order for the mobile robot to move safely and fast, its velocity must be controlled when it moves along a circular path.
Moving distance of the mobile robot along the circular path shown in Fig. 9 is given by θ ⋅ = r l (17) where r is radius of the circular path and θ is circular angle. is the centrifugal force of mass. Given radius of the circle r , the linear velocity is decided by (21). For stable movement of the robot, the linear velocity is limited by
where max v is the maximum linear velocity to be selected.
Then the angular velocity is determined using (20).
EXPERIMENT
Experiments adopting proposed method were performed on Pioneer2-DX with a web camera which is installed as shown in Fig. 1 . The size of image data is reduced in 1/25. We set the maximum velocity to 300[mm/s], virtual destination S to 0.5[m] and velocity constant γ to 10. Experimental results for plain environment with three obstacles placed sparsely are shown in Fig. 10 . In Fig. 10, (a) is pictures on navigation and navigation trajectory, linear velocity and angular velocity are shown in (b), (c) and (d), respectively. We confirmed that mobile robot arrived fast at the goal without velocity decrease. Experimental results for complex environment with many obstacles placed densely are shown in Fig. 11 . Pictures on navigation, navigation path result, linear velocity and angular velocity are shown in (a), (b), (c) and (d), respectively. Even though velocities decrease during short periods for dense obstacle avoidance, the mobile robot arrived fast to the goal. Hence the proposed method is effective both in complex environment and plain environment. 
CONCLUSION
We proposed a circular path planning algorithm for mobile robot to avoid obstacles using only monocular vision system. For fast image processing, gray level image data are reduced to 1/25. The circular path planning is suggested to avoid obstacles. The optimum circular path is selected in order for the mobile robot to move fast and safely to the goal. The angular and linear velocities of mobile robot are controlled for stable movement of the robot. We performed experiments applying the proposed method on Pioneer2-DX. Experimental results show that the proposed method generates an optimal path both in plain and complex environments and the mobile robot moves fast along generated path.
